The renewable production of isoprene (Isp) hydrocarbons, to serve as fuel and synthetic chemistry feedstock, has attracted interest in the field recently. Isp (C 5 H 8 ) is naturally produced from sunlight, CO 2 and H 2 O photosynthetically in terrestrial plant chloroplasts via the terpenoid biosynthetic pathway and emitted in the atmosphere as a response to heat stress. Efforts to institute a high capacity continuous and renewable process have included heterologous expression of the Isp synthesis pathway in photosynthetic microorganisms. This review examines the premise and promise emanating from this relatively new research effort. Also examined are the metabolic engineering approaches applied in the quest of renewable Isp hydrocarbons production, the progress achieved so far, and barriers encountered along the way.
Nearly, all contemporary industrial products are generated from petroleum and petroleum-derived feedstocks including fuels, plastics, adhesives, lubricants, solvents, rubber, cosmetics, and pharmaceuticals. The overuse of fossil resources for the generation of ubiquitous products has led to major environmental issues including the atmospheric buildup of CO 2 , diminishing of the ozone layer, pollution, and climate change. It has been projected that the global energy demand will increase 50-60% by 2030 due to the increase in population size and higher standards of living [1, 2] . Thus, it is essential that renewable and environmentally friendly technologies are developed to supplement and gradually replace dependence on fossil sources.
Isoprene (Isp) is one such industrially important chemical, as one million tons of it are produced annually from petrochemicals and consumed for industrial applications on a global scale [3] . In addition to its fossil origin, Isp is a naturally produced chemical, emitted from the leaves of many deciduous and evergreen plants including eucalyptus, oak, poplar, and some legumes in response to heat and drought stress [4] [5] [6] [7] . Emission of Isp in response to heat stress from terrestrial plants is thought to confer thermotolerance, viewed as a short-term response (minutes-tohours) to this abiotic stress. The yearly generation of Isp emissions by land plants was estimated to be about 600 million metric tonnes [8] , with about half of that produced by tropical broadleaf trees, and the remainder originating from the photosynthesis of shrubs. However, collecting for industrial applications such enormous amounts of Isp is impractical. On the other hand, aquatic photosynthetic organisms, including microalgae and cyanobacteria, are not known to possess the Isp synthase (IspS) gene and have not been systematically tested for the Isp production process [9, 10] .
The majority of industrially produced Isp is utilized in the production of elastomers (~95%), and a small fraction is used as feedstock in the synthetic chemistry Abbreviations cpcB*Isps, isoprene synthase fusion to the cpcB gene; cpcB, first gene in the cpc operon encoding the b-phycocyanin subunit; cpc, operon encoding the phycocyanin subunits and associated linker polypeptides; DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; Isp, isoprene; IspS, isoprene synthase; MEP, 2-C-methyl-D-erythritol-4-phosphate; RuBisCO, ribulose bis-phosphate carboxylase-oxygenase.
industry [3] . About 60% of total Isp used for commercial rubber production is generated from fossil fuels, and about 40% is derived from natural resources, primarily from the sap of the tropical rubber tree Havea brasiliensis [11] , which is collected in the form of natural rubber. This tree requires temperatures of 25-30°C, a minimum of 2000 mm of water from rainfall per year, and high humidity, thus its growth and exploitation is limited to the tropic regions of the earth [12] [13] [14] .
Cyanobacteria are attractive microorganisms to use as a chassis for the photosynthetic generation of Isp. Cyanobacteria are primordial oxygenic photosynthetic prokaryotes, and the ancestor of the plant and green microalgal chloroplasts [15] . Using only sunlight, CO 2 , water, and minimal nutrients, cyanobacteria are able to produce biomass and chemicals more efficiently than land plants, thereby helping to achieve the theoretical solar-to-biomass energy conversion efficiency maximum of about 8-10% [15, 16] , relative to only about 2%, or less [17, 18] achieved by Isp-producing land plants. Growth rates of cyanobacteria are much faster than those of plants, and the genetic tractability of cyanobacteria is much greater than in algae. In addition, cyanobacteria, as unicellular microorganisms, do not need to invest photosynthetic resources in root, stem, and leaf tissues, hence they can be programmed to invest a greater proportion of their photosynthate to heterologous product generation, for example, Isp. This can be achieved upon growth in fully enclosed outdoor photobioreactors, under a wide range of conditions, on nonarable land, and with fresh, brackish, or seawater so as not to compete with the cultivation of crop plants [16] .
In 2010, the first report of cyanobacterial production of Isp was published [19] via the heterologous expression of the IspS gene from kudzu (Pueraria montana) in the model cyanobacterium Synechocystis. Since then, several modifications and improvements have been introduced to optimize this technology for the future commercial production of Isp from cyanobacteria cells.
Reactants and reactions
Isoprene is one derivative among the largest class of naturally produced chemicals, the isoprenoids, or terpenoids. There are over 80 000 different known terpenoids, with the number of defined structures doubling every decade since the 1970s [20, 21] . Terpenoids are functionally important in the living cell, as they provide for membrane fluidity, protein prenylation, electron transport molecules, steroid backbones, fragrances for pollinator attraction, and toxins for predator and pathogen defense [22, 23] . In photosynthetic systems, the terpenoid biosynthetic pathway yields essential compounds such as carotenoids, the phytol tail of chlorophyll, and quinone prenyl tails, all of which are essential for functional photosynthesis.
The universal precursors for terpenoid biosynthesis in all living systems are the 5-carbon prenyl diphosphates dimethylallyl diphosphate (DMAPP) and its isomeric form isopentenyl diphosphate (IPP) [9, 24] . DMAPP serves as a primer for the sequential addition of IPP molecules in a multitude of different numbers to form the hydrocarbon backbone of terpenoids. Most terpenoids are then further functionalized from these backbones through ring closures, benzoylation, acetylation, hydroxylation, and glycosylation [23] .
It is of interest and uncommon in the annals of evolution that two completely different biosynthetic pathways function in nature to generate DMAPP and IPP. The mevalonic acid (MVA) pathway, and the methylerythritol phosphate (MEP) pathway [25] [26] [27] (Fig 1.) . The MVA pathway was the first pathway defined, and is found mainly in eukaryotes and in archaea [23] , as well as in a few eubacteria, and the cytosol and mitochondria of plants and fungi [28] . Acetyl-CoA is the feeder molecule for the MVA pathway, which is then transformed into IPP through six enzymatic reaction steps. In this pathway, DMAPP must be generated through the isomerization of IPP via the Fni IPP isomerase (Ipi) [21] [22] [23] . In cyanobacteria, microalgae, and plant chloroplasts, IPP and DMAPP are generated through the MEP pathway from glyceraldehyde-3-phosphate (G3P) and pyruvate (Pyr), as the feeder molecules, by the action of a set of seven consecutive enzymatic reactions [29] , with the final enzyme, 4-hydroxy-3-methyl-2-(E)-butenyl-diphosphate (HMBPP) reductase (encoded by the IspH gene) generating both DMAPP and IPP from the same reactant. During photoautotrophic growth of cyanobacteria, the primary MEP feeder molecules, G3P and Pyr, are in higher abundance than that of Acetyl-CoA [30] . The MEP pathway requires six starting molecules of CO 2 to be converted to G3P and Pyr through the Calvin Benson Cycle, whereas the MVA pathway requires three acetyl-CoA as the initial reactants. Each process entails a loss of CO 2 in the process of IPP and/or DMAPP synthesis [30] . Acetyl-CoA generating pathways such as glycolysis and the pentose phosphate pathway are generally less active during cyanobacterial photosynthesis with respect to heterotrophic organisms [31] , functioning mainly in the building of carbon precursors for cellular structures [32] . Carbon flux through acetyl-CoA is greater during heterotrophic growth, such as during glycolysis, dark fermentation or oxidative respiration of glycogen or starch stores [15, 33] .
In the cyanobacterial MEP pathway, DMAPP and IPP are initially generated simultaneously from HMBPP in a ratio of DMAPP : IPP =~1 : 6, followed by isomerization via the Ipi to increase this ratio to~1 : 3 [34] (Fig. 1) . Primary isoprenoid synthesis occurs upon head-to-tail additions of one or several IPPs to DMAPP [24] , yielding molecules with 10, 15, 20, or > 40 carbon structures. C30 triterpenes and C40 tetraterpenes are generated by tail-to-tail fusion of two C15 sesquiterpenes and C20 diterpenes, respectively. Therefore, a high IPP-to-DMAPP steady-state ratio in the cell makes biochemical sense, as there is a greater requirement for IPP than for DMAPP for the synthesis of the vast majority of isoprenoid products. However, the IspS enzyme utilizes only DMAPP as the substrate for Isp production. Hence, the small DMAPP pool size is a limiting parameter in the effort to achieve a high capacity cyanobacterial Isp production. Moreover, the total carbon flux through the MEP pathway is only about 5% of the total carbon sequestered through photosynthesis [35] , thus only about 1.66% of the total carbon that enters the photosynthetic Calvin-Benson Cycle will become DMAPP, and an even smaller fraction can become Isp after investment of DMAPP and IPP in the endogenous cellular terpenoids (Fig. 2) .
Cofactor and energy carrier components are also essential pieces of the enzymatic catalysis of Isp production. In the light reactions of photosynthesis, ATP and NADPH are generated in a specific ratio, which may impact the efficiency of the isoprenoid biosynthetic pathway [15, 36] . During the course of photosynthesis, ATP and NADPH are generated at a ratio of 1.5 : 1 depending on the state of the Q-cycle [36, 37] . The stoichiometric requirement of energy molecules (ATP/NADPH) through the isoprenoid biosynthetic pathway has been calculated to fall within this range at 1.35 : 1 [36, 38] , thus Isp production should not be hindered by the natural cyanobacterial pool size of ATP and reductant availability. 
Barriers to high capacity production
There are several factors to consider in the scalability of cyanobacterial production of Isp including: strain selection, growth medium, culture conditions, and the light regime. There are also specific process optimization issues that need to be addressed. Cyanobacteria do not naturally produce Isp and, so far, heterologous transformation to produce Isp has been applied only to the unicellular strains Synechocystis sp. PCC 6803 [19, 29, 39, 40] and Synechococcus elongatus [30] . In both microorganisms, Isp, being a volatile and highly hydrophobic hydrocarbon, spontaneously separated upon diffusion from the cells and the aqueous phase of the medium. In fully enclosed reactors, it accumulated in the gaseous phase above the liquid culture. Such spontaneous separation alleviated a need for culture dewatering and biomass harvesting for product extraction, a difficult feat as unicellular cyanobacteria are very small, typically ranging in size from 0.3 to 0.5 lm [41]. However, cyanobacteria biomass has value, as there are other products that may be useful for pharmaceutical purposes such as polyketides, peptides, alkaloids, and other larger size terpenes [42, 43] . In addition, the biomass could be used for hydrothermal liquefaction generation of bio-oil [44,45], or as carbohydrate feedstock for fermentation derived processes [46, 47] .
Utilizing as much of the biomass for as many markets as possible would make the process more economically viable. Choosing a filamentous strain with a larger size (~200 lm) would make separation of the biomass from the growth media through filtration and the natural formation of cell aggregates easier. Well known genera of the filamentous phenotype include: Anabaena [48-50], Nostoc [51] , and the most studied in outdoor cultivations, Spirulina , [52] [53] [54] . Alternatively, engineering approaches to change the morphology of the unicellular Synechococcus sp PCC 7942 have also been shown to successfully increase the size of the cell, resulting in enhanced sedimentation and easier biomass recovery [55] . Strain selection can also be optimized at the ecological level, using mixed-species cultures to promote culture stability and productivity. Polyculture assemblages have been proposed to potentially outperform monocultures [56, 57] . Furthermore, investigation of Isp production using these strains and cultivation practices that employ nutrients from wastewater could be advantageous to high capacity production [58] .
Cyanobacteria are a very diverse group found among a range of ecotypes, including extremophile environments [59] [60] [61] . The ideal commercial strain for Isp production would be thermophilic, halophilic, and alkalophilic. The IspS is a protein typically upregulated in response to heat stress [4] , and has been Fig. 2 . Metabolic pathway linking photosynthesis in the Calvin Benson Cycle to the MEP pathway and terpenoid and Isp production in cyanobacteria, as discussed in this Review. In the vast majority of photosynthetic systems, carbon partitioning is primarily directed toward sugar synthesis leading to biomass accumulation, with the terpenoid biosynthetic pathway consuming a minor 5% aliquot of the photosynthetically converted CO 2 substrate. Barriers to a high capacity photosynthetic Isp production process in cyanobacteria include the limited endogenous carbon partitioning to the terpenoid biosynthetic pathway, and the relatively slow turnover (slow V max ) of the IspS itself, both of which limit the overall rate and yield of Isp production. PGA, phosphoglyceric acid; RuBP, ribulose bisphosphate.
shown to be most active at 40°C under in-vitro conditions [58] . In addition to the activity of the IspS, a thermophilic phenotype would be essential for growth in bioreactors on nonarable soil with high solar exposure such as the desert. Using a strain that can be grown at high salinity would gain the ability to utilize seawater or brackish water instead of fresh water, and alkaline tolerance would provide another parameter to screen out potential contaminants. Isp generation has been shown in the fresh water strain Synechocystis sp. PCC 6803 grown in seawater concentrations of 3.5% w : v NaCl [40,62] up to pH 10 [62] , showing the natural plasticity of the strain to tolerate a range of environmental conditions, while generating the product of interest. Recently, a S. elongatus sp PCC 7942 strain was developed to tolerate higher stress conditions for outdoor cultivation by overexpression of the hspA gene [63] . This modification resulted in an enhanced ability to tolerate temperatures up to 45°C, high sunlight intensity, and seawater concentrations of NaCl (3.5%).
The nutrient composition of the growth media is also an essential aspect of scale up cultivations. Cyanobacteria offer the advantage of being able to utilize both CO 2 and bicarbonate as sources of inorganic carbon. Intercellular bicarbonate is converted into CO 2 via the carbonic anhydrase system, creating a relatively high concentration of CO 2 in the vicinity of ribulose bis-phosphate carboxylase-oxygenase (RuBisCO), resulting in the carboxylation reaction dominating over the counterproductive oxygenation property of this enzyme [64] . Inorganic carbon is also one of the greatest costs associated with scale-up for Isp production, and the CO 2 concentrations in the atmosphere (400 p.p.m.) [65] are too low to support high rates of growth. Cost-effective means of CO 2 administration would be coupling cultivation of the cyanobacteria with waste resources such as flue gases from power plants [66] , biogas from anaerobic digestion of agricultural waste [67] , or biogas from aerobic composting of animal manure [68] . The process of Isp production could thus work dually, as a means of bioremediation, preventing waste CO 2 from entering the atmosphere, and supporting high rates of cyanobacterial photosynthesis and growth.
Other macronutrients required for cyanobacterial growth include nitrogen and phosphorous. Nitrogen is an essential constitutent of many cellular compounds, comprising up to 10% of the cellular biomass [69] [70] [71] . Diazotrophic species of cyanobacteria offer the advantage of cultivation in nitrogen free media [72] , potentially conserving resources and minimizing costs. Phosphorous makes up between 0.5% and 3.5% of the biomass, and is essential for the processes of photosynthesis and carbohydrate metabolism, in addition to the formation of nucleic acids, membrane phospholipids, and ATP [73] . Dissolved phosphates and phosphate bioavailability [58, 74, 75] are potential cultivation issues. Other macronutrients that are essential for cyanobacterial growth are: calcium, magnesium, potassium, and sulfur. Micronutrients required include boron, chloride, copper, cobalt, iron, manganese, molybdenum, nickel, and zinc [76] .
The efficiency of cellular photosynthesis and the solar-to-biomass energy conversion efficiency of the culture are important productivity determinants. Cyanobacteria have developed an ancillary light-harvesting antenna system, the phycobilisome, comprising allophycocyanin core cylinders and their peripherally associated phycocyanin containing rods [77] [78] [79] [80] [81] . These large arrays of light-harvesting antenna complexes confer a survival advantage to the cells in the wild, when cyanobacteria grow in turbid waters, and where light intensity is low and limited for photosynthesis. However, under scale-up conditions, cultures would be grown under direct sunlight in regions with high intensities of illumination. Under these conditions, the rate of light absorption far exceeds the capacity of cellular photosynthesis to utilize incoming photons, and the majority (80%) of absorbed photons would be lost through nonphotochemical quenching [82] [83] [84] . Engineering of the photosynthetic antenna for high density mass cultures has shown to improve biomass yields in green microalgae [85] , cyanobacteria [86, 87] , and a crop plant [88] . This approach involves a genetic truncation of the light-harvesting antenna to prevent excess sunlight absorption by individual photosystems and also to minimize shading among the cells in the medium, thereby increasing the penetration of sunlight through the high density culture to reach more cells per volume in the culture [85, 86] . In cyanobacteria, this was achieved by deleting the cpc operon that encodes for the multiple phycocyanin rods, resulting in a Dcpc mutant lacking phycocyanin and achieving up to 57% greater rates in biomass accumulation and yield under bright growth irradiance. Deletion of phycocyanin may also have a positive impact on product generation, as it alleviates investment of endogenous substrate in protein and pigment associated with the peripheral light-harvesting antenna. In an Isp-producing strain of Synechocystis, removal of the light-harvesting phycocyanin rods increased Isp production (Isp : biomass; mg : g) by up to fivefold, potentially due to an increase in cellular endogenous metabolites as a result of the lack of phycocyanin biosynthesis [89] . The design, structure, and materials of suitable photobioreactors will also dictate how sunlight is absorbed and utilized by the culture, and can be devised around the purpose of optimizing light absorption for photosynthetic efficiency [39, [89] [90] [91] [92] [93] [94] .
Overcoming limitations in substrate flux & enzyme concentration
Isoprene biosynthesis is dependent upon the capacity of the cyanobacteria to generate DMAPP through the native MEP pathway, and/or through a heterologous MVA pathway. Recently, a metabolite quantitation of the precursors required for both the mevalonate (MVA), and the MEP pathways have been conducted in S. elongatus PCC 7942 grown under continuous illumination [30] . It was found that the intracellular pool size of the precursors for the MEP pathway, G3P and pyruvate were 51.3 AE 5.1 lM, and 1.85.3 AE 217.8 mM respectively. The intracellular concentration of acetylCoA for the MVA pathway was 53.6 AE 1.7 lM [30] . For each molecule of DMAPP, one G3P and one pyruvate molecule are required in the MEP pathway, versus three molecules of acetyl-CoA required in the MVA pathway. Therefore, it is advantageous for the cyanobacteria to employ the MEP pathway as the main driver of Isp production during photoautotrophic growth. However, a heterologous MVA pathway has been engineered to work in concert with the MEP pathway in Synechocystis sp PCC 6803, enhancing the rate and yield of Isp production [29] . This was the first report expressing an entire biosynthetic pathway consisting of the seven MVA genes into a photosynthetic microorganism, and generated improvements in Isp production by up to 2.5-fold [29] .
It has been established in heterotrophic microorganisms that the MEP pathway is limited by the activity of the first enzyme, Dxs, in the process (Fig. 1) [95, 96] . In cyanobacteria, it has been shown that the Ipi encoded by the Ipi gene is also limiting Isp production. Intracellular concentration ratios of DMAPP/IPP in Synechococcus sp. PCC 7942 were measured to be 1 : 2.7. Experimental overexpression of the Ipi resulted in enhanced Isp production by a 2-3 fold in Synechocystis [89] and Synechococcus [30] , indicating that the intracellular DMAPP levels are limiting the IspS reaction. Fusing the IspS directly to the Ipi also increased Isp production, likely due to direct channelling of DMAPP from the Ipi, into the IspS [30] . Kinetic flux analysis of the endogenous MEP pathway in Synechococcus sp. PCC 7942 was also conducted to determine additional bottleneck enzymes in a photosynthetic cell, and found the step encoded by the IspG gene (Fig. 1) to be rate limiting. Overexpression of the IspG increased Isp production by up to 60% [30] . The creation of a strain combining the expression of an Ipi-IspS fusion + DXS + IspG resulted in significant Isp production rates of 0. 54 
Conclusion
Cyanobacterial production of Isp is a promising lead technology for the future of renewable chemicals. Further improvements in rates and yield promise to make bio-based Isp competitive with that derived from fossil sources. Cyanobacteria-based Isp production has yet to be reported at pilot or large scale. The migration of current proof-of-concept lab protocols into working commercial production systems remains to be tested and validated with large volume enclosed (tubular) photo-bioreactors suitable for this technology. This would require the endowment of the IspS properties to a competent commercial strain having properties of high temperature and irradiance tolerance, and one that can grow in saline, alkaline, and wastewater, in a cost-effective photo-bioreactor. Future improvements in the metabolic generation of Isp may include a synthetic biology approach using combinatorial optimizations of heterologous pathways, and down regulation of competing pathways, in concert with global analysis of the impact on cellular metabolites [108, 109] . The ultimate objective in this endeavor is to convert the slow secondary metabolism of the terpenoid biosynthetic pathway into the dominant metabolic activity of the cyanobacterial cell, essentially directing most of the photosynthetically reduced CO 2 toward Isp or other useful isoprenoid products. 
